An efficient method to transform five cultivars of tomato (Lycopersicon esculentum), Micro-Tom, Red Cherry, Rubion, Piedmont, and E6203 is reported. A comparison was made of leaf, cotyledon, and hypocotyl explants on 7 different regeneration media without Agrobacterium tumefaciens cocultivation and on 11 different media with cocultivation. Although all cultivars and explants formed callus and regenerated on the initial 7 media, cocultivation with A. tumefaciens significantly reduced the callus induction and regeneration. From these experiments, a transformation methodology using either hypocotyls or cotyledons cultured for one day on BA 1 mg L -1 , NAA 0.1 mg L -1 and 3 days cocultivation with the Agrobacterium on this same medium followed by a transfer to a medium with zeatin 2 mg L -1 and IAA 0.1 mg L -1 for 4 -6 weeks resulted in a greater than 20 % transformation frequency for all five cultivars tested. In this transformation method, no feeder layers of tobacco, petunia or tomato suspension cultures were used, and the subculture media was minimal. Stable integration and transmission of the transgene in T 1 generation plants were confirmed by Southern blot analysis. This procedure represents a simple, efficient and general means of transforming tomato.
Introduction
Tomato (Lycopersicon esculentum) is one of the most important vegetable crops and a genetic model for improving other dicotyledonous crop plants (McCormick et al. 1986 , Ling et al. 1998 ). In basic and practical studies for tomato improve-* E-mail corresponding author: s-park4@tamu.edu ment, successful transformation is essential. However, tomato transformation is still not routine nor reliable (Van Roekel et al. 1993 , Frary and Earle 1996 , Ling et al. 1998 . Therefore, the development of an efficient and genotype independent tomato transformation method is crucial. The first report of tomato transformation was by McCormick et al. (1986) . Since then there have been numerous publications of transformation in various species and cultivars of tomato (Chyi and Phil-lips 1987 , Fillatti et al. 1987 , Fischhoff et al. 1987 , Delannay et al. 1989 , Van Roekel et al. 1993 , Agharbaoui et al. 1995 , Frary and Earle 1996 , Ling et al. 1998 , Tabaeizadeh et al. 1999 , Vidya et al. 2000 , Hu and Phillips 2001 . In spite of the success of tomato transformation, most of the procedures relied on cumbersome either feeder layers (petunia, tomato, or tobacco), time consuming media formulations, or successive subcultures that produced significant variability between genotypes. Hamza and Chupeau (1993) showed that pretreatment with feeder cells stimulated tomato cell transformation; however, regeneration of transformed cells was reduced. No simple general procedure for tomato transformation exists. For example, genotypes vary in their response to specific treatments, and standardization of the various procedures is incomplete. Transformation efficiencies have ranged from 6 % (Vidya et al. 2000) , 7 to 37 % (Ling et al. 1988) , 11 % (Frary and Earle 1996), 9 % (Van Roekel et al. 1993 ), 14 % (Hamza and Chupeau 1993) , and 25 % (Hu and Phillips 2001) .
This report reexamines tomato transformation using Agrobacterium tumefaciens comparing different explants (seedling leaf, cotyledon and hypocotyl), cocultivation media, and regeneration media looking at 5 varied tomato cultivars. The aim of the study was to simplify tomato transformation by avoiding the feeder layers, simplifying media conditions, eliminating frequent media changes, and systematically applying these conditions to multiple tomato cultivars in order to document transformation efficiency.
Materials and Methods

Plant tissue
Seeds of Lycopersicon esculentum Mill. cultivars Micro-Tom, Red Cherry, Rubion, Piedmont, and E6203 were surface sterilized in 10 % (v/v) sodium hypochlorite solution with 2 drops of Tween-20 for 15 min followed by three rinses in sterile water. Both Micro-Tom and Red Cherry have small cherry-sized fruit. The other three cultivars, Rubion, a pear type, E6203, a California processor type, and Piedmont, a fresh market type, were supplied by Dr. R. Jones from Asgrow (San Juan Bautista, CA). Seeds were germinated on a MS inorganic salt medium (Murashige and Skoog 1962) with 30 g L -1 sucrose, pH 5.7
and solidified using 8 g L -1 TC agar (Sigma, St. Louis, MO).
Cotyledon and hypocotyl explants from 10-day-old seedlings and tomato leaves from 4-week-old plants were cultured on a preculture medium. Cotyledon and leaf pieces were placed on the media with the abaxial surface of the leaf in contact with the medium. The cotyledons and leaves were cut, and two explants were obtained from each. At least three independent experiments were carried out to test each plant growth regulator combination, and at least 100 explants were tested each time.
Culture media and culture conditions for regeneration
A MS inorganic salts (Murashige and Skoog 1962) 
Culture media and culture conditions for transformation
Plant growth regulators were examined to obtain adventitious shoot initiation from the calli and explants following Agrobacterium cocultivation. The plant growth regulator combinations examined were in mg L : BA 1.0/NAA 0.1 for 4 days (a oneday preculture period and a 3-day co-cultivation period) followed by transfer to BA 1.0/IAA 0.2; BA 1.0/NAA 0.1 for 4 days followed by transfer to zeatin 2.0; BA 1.0/NAA 0.1 for 4 days followed by transfer to zeatin 1.0/IAA 0.1; BA 1.0/NAA 0.1 for 4 days followed by transfer to zeatin 2.0/IAA 0.1.
Bacterial strain and plasmid
Agrobacterium tumefaciens strain LBA4404 (octopine, Hoekema et al. 1983 ) with pBI121 (Jefferson 1987 ) was used for this study. A. tumefaciens was grown for 2 d in YEP medium (10 g L -1 yeast extract, 10 g L -1 trypton, 5 g L -1 NaCl) containing the appropriate antibiotics at 28˚C on a rotary shaker (220 rpm) until an OD 600 = 1.0 was obtained.
Transformation
Explants were isolated and cultured onto the preculture media for a one-day preculture period. At the end of the one-day preculture, the explants were dipped in an Agrobacterium culture, blotted and recultured on the same media for a 3-day co-cultivation period. The explants were then transferred to fresh media of different plant growth regulator combinations containing 100 mg L -1 kanamycin with 250 mg L -1 Clavamox (amoxicillin trihydrate, Smithkline Beecham, West Chester, PA) to control Agrobacterium growth.
Southern hybridization analysis
Tomato genomic DNA was extracted from leaf tissues according to Paterson et al. (1993) . DNA (2 -5 µg) was digested with HindIII and Southern blot analysis was carried out as described previously (Park et al. 1996) .
Results and Discussion
All explants from all tomato cultivars examined initiated callus and formed adventitious shoots on the seven combinations of plant growth regulators tested (Table 1) . In general, media containing zeatin as a cytokinin source and IAA as a auxin ≤ 50 % but > 25 % 2 At least three independent experiments were carried out to test each plant growth regulator combination and at least 100 explants were tested each time. abc: means within cultivar and explant across plant growth regulator level are statistically significant by Tukey's test (P < 0.05). xy: means within cultivar and plant growth regulator across explant are statistically significant by Tukey's test (P < 0.05). Rating Description -0 % of the total of explant pieces + ≤ 5 % but > 1 % + + ≤ 10 % but > 5 % + + + ≤ 15 % but > 10 % + + + + ≤ 20 % but > 15 % + + + + + > 20 % 2 At least three independent experiments were carried out to test each plant growth regulator combination and at least 100 explants were tested each time. No significant differences were observed among treatments. source were significantly better than BA and NAA for regeneration in all cultivars and in for all explants (Table 1) . However, when BA and IAA were combined, regeneration was similar to zeatin alone or in combination with IAA. For Piedmont and E6203 the cotyledon and hypocotyl explants showed significantly more regeneration as compared to the leaf explant when zeatin and IAA were combined (Table 1) .
From these initial experiments comparing plant growth regulator concentrations and combinations that previous workers had reported as effective for regeneration (McCormick et al. 1986 , Van Roekel et al. 1993 , Frary and Earle 1996 , Costa et al. 2000 , it appeared that callus induction and regeneration from several tomato cultivars and explants are quite permissive over a range of plant growth regulators (Table 1) . When these same media and explants were examined for transformation efficiency, the callus induction and shoot regeneration See table 2. 2 At least three independent experiments were carried out to test each plant growth regulator combination and at least 100 explants were tested each time. abc: means within cultivar and explant across plant growth regulator level are statistically significant by Tukey's test (P < 0.05). xy: means within cultivar and plant growth regulator across explant are statistically significant by Tukey's test (P < 0.05). were critically reduced (Table 2 ). No significant difference in transgenic callus initiation on 100 mg L -1 kanamycin between BA and zeatin was observed (data not shown). Table 2 shows transgenic shoot production from leaf explants did not occur with NAA as the auxin source. The hypocotyl and cotyledon explants of all cultivars would produce transgenic shoots with NAA, and zeatin in combination with IAA gave a slightly higher level of response. However, no significant differences in transformed shoot regeneration between explants or plant growth regulators for all cultivars were observed (Table 2) . In order to improve transformation frequencies with shoot regeneration from all cultivars, a comparison of maintaining the explants on the initiation media or transfering to a second medium was examined. Previous reports indicated the necessity of using a tobacco, petunia or tomato feeder for preculture and Agrobacterium cocultivation (McCormick et al. 1986 , Fillatti et al. 1987 , Delannay et al. 1989 , Van Roekel et al. 1993 , Agharbaoui et al. 1995 , Frary and Earle 1996 , Ling et al. 1998 , Tabaeizadeh et al. 1999 ) and multiple media changes to achieve tomato transformation. The media combinations are shown in Table 3 . Explants were precultured and cocultivated with the Agrobacterium on a medium with BA 1.0 mg L -1 and NAA 0.1mg L -1 and subsequently transferred to a second medium for selection, callus induction and regeneration of shoots. The results of these experiments are summarized in Table 3 . Transfer to a medium with zeatin and IAA significantly showed overall for all cultivars and all explants to be the most supportive to shoot regeneration with zeatin alone improved over BA as a cytokinin source. Transformants were confirmed by Southern blot analysis (Fig. 1) . Genomic DNA from five randomly selected tomato plants (T 1 ) was digested with HindIII (yielding border fragments which include a portion of the inserted T-DNA and genomic DNA) and hybridized with the gus probe. All of the HindIII-digested fragments detected with the gus gene probe had the expected fragment size of larger than 3.0 kb.
From these experiments, a transformation sequence using either hypocotyls or cotyledons cultured for one day on BA 1.0 mg L -1 , NAA 0.1 mg L -1 and 3 days cocultivation with the Agrobacterium on this same medium followed by a transfer to a medium with 100 mg L -1 kanamycin and 250 mg L -1 Clavo-mox with zeatin 2 mg L -1 and IAA 0.1 mg L -1 for 4 -6 weeks and resulted in a greater than 20 % transformation frequency from the five cultivars tested. This transformation method does not require a feeder layer and requires only two different media. In short, this streamlined method achieves adequate transformation frequencies on various tomato cultivars.
